Elevated [O 3 ] was recorded at three forests near NO x emission hotspots in Panama. This [O 3 ] affected the physiology of the widespread native tree Ficus insipida. The effects of O 3 on F. insipida included a decrease in leaf chemical defenses. O 3 also led to decreased lipid content in mature leaves. AOT was below critical levels for temperate trees, but F. insipida has high g s_max. a r t i c l e i n f o 
Introduction
Tropospheric ozone (O 3 ) is a major globally relevant secondary air pollutant and greenhouse gas, and has a suite of adverse effects on plant growth and physiology. Ozone forms naturally as a product of photochemical reactions with the precursors NO x , CH 4 , CO, and volatile organic compounds (VOCs). Over the industrial period, anthropogenic emissions of these precursors from fossil fuel and biomass burning have increased ambient tropospheric O 3 concentrations over a large portion of the Earth's surface (Vingarzan, 2004) . As a secondary air pollutant, O 3 is often present at high concentrations in VOC-emitting vegetated areas that are downwind from sources of NO x precursors. Thus, tropospheric O 3 has become a global air pollutant: many regions are already experiencing nearsurface O 3 concentrations that can cause visible plant damage and/ or reduce primary productivity in natural and agricultural ecosystems (Sandermann, 1996; Fuhrer et al., 1997; Chappelka and Samuelson, 1998; Skarby et al., 1998; Fowler et al., 1999; Vingarzan, 2004; Mills et al., 2011a,b; Ainsworth et al., 2012) . Further, regional and global models have forecasted near-surface O 3 concentrations to reach two to eight times their pre-industrial levels by the year 2100 (Fowler et al., 1999; Vingarzan, 2004; Wild et al., 2012; Naik et al., 2013) , with the potential to significantly reduce the land carbon sink and thus contribute to climate warming (Sitch et al., 2007) .
The influence of O 3 on plants has generally been assessed on the basis of reductions in plant growth and productivity (Ashmore, 2005) . Ozone generates reactive oxygen species and causes oxidative stress within leaves, which in turn decreases photosynthesis, plant growth, and biomass accumulation (reviewed by e.g. Skarby et al., 1998; Chappelka and Samuelson, 1998; Karnosky et al., 2007; Ainsworth et al., 2012) . Early experiments on the impacts of O 3 on herbaceous crop species led to an adoption of [O 3 ] ¼ 40 ppb as an approximate threshold, or critical level, for adverse effects on plant productivity. However, it was subsequently recognized that this critical level varies widely among plant species and even among genotypes within species, due mainly to differences in stomatal conductance and thus differences in the flux of O 3 into the leaf at a given value of ambient [O 3 ] (reviewed by Fuhrer et al., 1997; Chappelka and Samuelson, 1998; Musselman et al., 2006; Karnosky et al., 2007; Mills et al., 2011a; Ainsworth et al., 2012; Anav et al., 2016) . A key finding from these studies is that stomatal conductance and [O 3 ] both exhibit a linear relationship to leaf-level O 3 dose (dose a g s * [O 3 ]). Consequently, plant biomass or photosynthesis reductions in response to O 3 are generally correlated more strongly with cumulative O 3 uptake than with accumulated O 3 exposure (reviewed by Karlsson et al., 2004; Büker et al., 2015) . In addition to stomatal conductance, the leaf-level capacity for detoxification of reactive oxygen species also plays a role in determining the critical level for a species or genotype.
Although tropospheric O 3 is a global air pollutant, its effects on plant productivity and trophic interactions have mainly been studied in temperate regions of the northern hemisphere. This is despite the potential for elevated [O 3 ] to have deleterious impacts on plant productivity and the tropical carbon cycle (Pacifico et al., 2015) . In forested regions of the tropics, numerous monitoring campaigns have already studied [O 3 ] at and near the atmospherebiosphere interface (Kaplan et al., 1988; Fan et al., 1990; Jacob and Wofsy, 1990; Kirchhoff et al., 1990; Cros et al., 1992 Cros et al., , 2000 Andreae et al., 2002; Gut et al., 2002; Rummel et al., 2007; Karl et al., 2009; Jardine et al., 2011; Andreae et al., 2015) . During the LBA-EUSTACH project (Rummel et al., 2007) , [O 3 ] within the forest canopy exceeded 40 ppb, the exposure-based critical level for many temperate plant species (reviews by Fuhrer et al., 1997; Chappelka and Samuelson, 1998) .
Modeling efforts over the past decade have explored the ramifications of elevated O 3 on tropical forest ecosystems. Sitch et al. (2007) simulate a large negative impact of projections of increasing O 3 concentrations on the tropical carbon sink. In addition, Pacifico et al. (2015) were able to reproduce the Rummel et al. (2007) deposition velocities in an Earth System Model, and thus we have confidence in the ability to simulate the O 3 flux into leaves. However, these global modeling efforts rely on dose response relationship based on temperate and boreal species (Sitch et al., 2007; Pacifico et al., 2015) . Few studies have investigated the effects of O 3 pollution on tropical tree species (Cassimiro and Moraes, 2016; Furlan et al., 2008) , and with notable exceptions (Assis et al., 2015) little work has been done in integrating leaf-physiology and exposure levels to determine critical levels for adverse effects in tropical tree species. The main leaf-level physiological determinants of a plant species' O 3 critical level are detoxification capacity and stomatal flux (Karlsson et al., 2004; Musselman et al., 2006; Mills et al., 2011b; Büker et al., 2015) . Evaluations of leaf-level detoxification capacity have not been conducted for tropical trees, but stomatal flux data have been collected from an array of species (Zotz and Winter, 1996; Poorter and Bongers, 2006) . For trees of tropical lowland moist forests, maximal stomatal conductance is approximately 85% higher than that for temperate deciduous trees (Kelliher et al., 1995; K€ orner, 1995; Poorter and Bongers, 2006) , suggesting that many species of tropical trees may be sensitive to O 3 pollution given the linear relationship between stomatal conductance and O 3 dose.
In addition to its well-characterized effects on plant physiology, O 3 pollution can influence plant chemical defenses against biotic and abiotic stressors (reviewed by Sandermann, 1996; Kangasj€ arvi et al., 2005; Valkama et al., 2007; Bidart-Bouzat and ImehNathaniel, 2008; Lindroth, 2010) . After O 3 is taken up through the stomata, O 3 and O 3 -generated reactive oxygen species (ROS) activate hormones involved in all major defense signaling pathways, including ethylene, abscisic acid, jasmonic acid, and salicylic acid. The activation of these hormones influences the synthesis of secondary metabolites, which can in turn alter the dynamics of plantherbivore interactions. Available data suggest that the doseresponses of secondary metabolic pathways to O 3 vary in magnitude and direction across types of secondary metabolites, plant developmental stage, and plant and herbivore species (Valkama et al., 2007; Lindroth, 2010) . While these effects of O 3 uptake on secondary metabolic pathways have been noted in conjunction with the aforementioned effects on primary physiology in many studies of chronic low-level O 3 exposure, it is not known whether these two types of effects share a critical level.
The present study is motivated by considering the potential impacts of O 3 on the contribution of tropical forest primary productivity to the global carbon budget, as well as on the plantconsumer interactions integral to tropical forest biodiversity. Satellite-based measurements and modeling of emissions have indicated a hotspot of NO x (precursors to O 3 ) in Panama, specifically within the region surrounding the Panama Canal and Panama City (Hietz et al., 2011) . We conducted the present study to measure O 3 concentrations within forested areas surrounding this hotspot of O 3 -precursors and to investigate the effects of ambient O 3 concentrations in Panama on a common species of tropical tree. Our research questions are: 1) how do O 3 concentrations vary across the Pacific-Caribbean gradient of forests within the Panama Canal watershed, 2) how do O 3 concentrations vary across the forest strata, from the canopy to the understory, within a given site, and 3) for a tropical tree species with relatively high stomatal conductance, does exposure to ambient concentrations of O 3 in the Panama Canal watershed impact primary productivity, secondary metabolic pathways, and/or leaf senescence? To address these questions, we conducted an O 3 monitoring campaign at four sites over two years and an open-top chamber experiment with potted tree seedlings.
Materials and methods

Regional O 3 monitoring
Since tropospheric [O 3 ] had not previously been measured in the vicinity of the Panama Canal and surrounding urban areas, and precursor emissions were known to be present (Hietz et al., 2011) , we conducted monitoring to assess the distribution of O 3 across and within forested areas in this region (Fig. 1) (Leigh et al., 1996) , situated amid the Panama Canal 40 km northwest of Panama City. Our study sites on BCI are between 500 m and 1 km from the Panama Canal. PNM comprises 265 ha of lowland dry forest with a canopy height of 25e35 m (STRI Physical Monitoring Program, 2016) and is located within the limits of Panama City approximately 4 km from the Panama Canal. Monitoring at SCEFF was conducted in two locations, 1) in a grassdominated clearing (grass height <20 cm), hereafter referred to as grassy clearing, next to the open-top chamber experiment described below and 2) at a height of 1 m in the forest understory at the edge of the facility,~10 m into the forest from its edge. At BCI, O 3 was measured using a UV-absorbance monitor and passive samplers. For the latter, O 3 measurements were taken at three locations: 1) at a height of 1 m in a tree fall gap with a layer of broadleaved vegetation <1 m tall, along the trail to the Lutz observation tower~500 m inland from the Panama Canal, 2) at a height of 1 m adjacent to the Lutz observation tower within closedcanopy forest, and 3) at a height of 48 m atop the Lutz tower, approximately 12 m above the surrounding canopy. The UVabsorbance monitor was located at 48 m on the Lutz tower ("location #3"). At PNM, measurements were taken at three locations in the forest: 1) approximately 12 m above the surrounding canopy on a 42 m tall canopy access crane operated by the Smithsonian Tropical Research Institute, 2) at a height of 1 m the base of this canopy crane, and 3) at a height of 1 m in a tree fall gap with a layer of broadleaved vegetation <1 m tall,~100 m from the canopy crane. While the tree fall gaps at BCI and PNM and the grassy clearing at SCEFF differed in vegetation type, we grouped them for analysis based on their similar environmental contrasts to nearby forested areas.
Monitoring equipment consisted of a Model 205 UV-absorbance type monitor (2B Technologies, Boulder, CO) and eight passive samplers (Ogawa & Co., Pompano Beach, FL). The Model 205 monitor recorded data at BCI location #3 during the dry and wet seasons of 2013 and 2014, starting in April 2013. The monitor recorded the running mean of [O 3 ] every 10 min. The monitor was calibrated by 2B Technologies immediately prior to deployment. The data recorded by this monitor include a total of 207 days and meet or exceed in duration some data from other tropical sites (see Discussion). Our data were collected periodically in order to reflect multiple seasons and years, minimizing the influence of short-term environmental perturbations or fluctuations.
The passive samplers were stationed at SCEFF locations #1-2, BCI locations #1-3, and PNM locations # 1-3 from 21 January e 19 March 2015, with one sampler at each location, for a total of 8 samplers. Passive sampling pads were exchanged every 14 days, for a total of four pads per sampler over the course of the campaign. To control for the background reaction rates of the sampling pads, pads in sealed opaque containers were placed alongside exposed pads at all locations. Passive sampling pads were analyzed via ion chromatography at RTI International (Research Triangle Park, NC), using the protocol recommended by Ogawa & Co.
From (Fuhrer et al., 1997) . As critical levels have not been identified for any tropical tree species, we calculated AOTX using X ¼ 10 and X ¼ 20, approximately 1/3 and 2/3 of the observed maximum [O 3 ] at SCEFF (29.6 ppb). We conducted statistical analyses of data from the 2B Technologies monitors using the mean from a single day as one replicate for each location/site. We assessed the normality of the data using a Shapiro-Wilk test. The test indicated that the data did not differ significantly from a normal distribution, and we proceeded with analyses using parametric tests. We then compared the daytime means at each location to one another using two-way ANOVA and pairwise t-tests. All statistical analyses were conducted in R © v 3.1.3 (R Core Team, 2015) . For the passive sampler data, we used a mixed-effects linear model with time as a random effect and site and vertical stratum as fixed effects. To construct this model, we used the packages "lme4" and "lmerTest" in R © v 3.1.3 (R Core Team, 2015).
Open-top chamber experiment 2.2.1. Tree growth and harvest
We studied the fast-growing, early-successional tree Ficus insipida Willd. (Moraceae). This species occurs throughout the Neotropics, from lowland forest to cloud forest and from dry forest to wet forest (Tropicos.org, 2016) . In the moist lowland area where the experiment was conducted, naturally occurring F. insipida are evergreen. F. insipida has high maximum stomatal conductance, 750 ± 80 mmol m À2 s
À1
, as measured in growth conditions similar to those of the present study (Cernusak et al., 2007) . Seeds were collected from trees growing at <50 m a.m.s.l. within forests surrounding Panama City and germinated in seed-tray flats in a ventilated screen-house (70% natural sunlight) at the SCEFF. After emergence of cotyledons at least three seedlings were transplanted ) with lower chamber walls of reflective insulation and an upper portion (150 cm) of clear polyethylene film. Ventilation was provided by six independent fans (TD-150; Soler &Palau, Jacksonville, FL) drawing ambient air from a shaded site and delivered via a PVC conduit to a distribution point at the center of each chamber. Three of the chambers drew their air through an activated charcoal air filter 150 Â 500 mm (LEDwholesalers, CA, USA) which when spot-checked at midday reduced O 3 in the airstream of the fans to below the detection limit (2.0 ppb). Thus, we considered [O 3 ] in the filtered air treatment to be effectively zero. We refer to this as the ozone-free treatment. Activated charcoal filtering has been used in numerous studies to provide an ozone-free or low ozone control treatment to evaluate the effects of ambient [O 3 ] on vegetation (summarized in Wittig et al., 2009; Büker et al., 2015) . Although activated charcoal also removes many other air pollutants, we conclude that the leaf chemical responses we observed are due to O 3 based on their congruence with leaf chemical responses to O 3 in other species, as addressed in the discussion section.
Seedlings were grown under experimental conditions for 50 days before harvest, 21 December 2012e3 February 2013. At harvest roots were inspected to verify that they had not become potbound, and none had become so. Plants were then separated into leaf-lamina, stem þ petioles, and roots. Leaf area of both the most recent fully expanded leaf and total leaf area was determined using a Li-3100 leaf area meter (Li-Cor, Lincoln, NE). The roots were separated from soil by hand sorting, dry sieving and washing. All samples were dried to constant mass at 70 C and weighed. Biomass and leaf area data were used to calculate total biomass accumulation and, leaf mass per area (LMA g m À2 ) of all leaves and the most recent fully expanded leaf. Ambient O 3 concentrations were monitored at SCEFF over the latter 33 of the 50 experimental days; technical faults prevented measurements over the preceding days. Ozone concentrations were determined using a 2B Technologies Model 205 O 3 monitor identical to that used in the regional monitoring portion of the study. The O 3 monitor sampled from a shaded, yet not sheltered, position at~1.5 m above grass.
Biomass accumulation/allocation was analyzed within species using a t-test of the chamber mean (n ¼ 3) of the 8 replicate plants. The mean and interquartile range were calculated for [O 3 ] during daylight hours (7:00e17:00). All statistics and graphical operations were carried out using R © v 3.2.3 (R Core Team, 2015).
Leaf secondary metabolites
Analyses of secondary metabolite content were conducted using dried leaf material. For these analyses, we collected the youngest ( 1 week since full expansion) and second-youngest fully expanded leaves, referred to hereafter as "younger" and "older" leaves. As secondary metabolite content is known to change quantitatively and qualitatively across leaf ontogeny, we analyzed younger and older leaves separately. Upon collection, leaves were stored on ice in a portable cooler and brought to the laboratory at Barro Colorado Island for drying. Drying was initiated no more than 2 h after leaf collection. Drying was conducted at room temperature (~22 C) for 72 h under high vacuum. Only individuals with recently expanded leaves were sampled. As a result, a subset of plants (n ¼ 6; 2 per chamber) was analyzed for secondary metabolites and membrane lipids. Dried leaf samples were transported to the University of Utah for analyses via ultra-performance liquid chromatography e mass spectrometry (UPLC-MS) and tandem mass spectrometry (MS-MS). Samples were prepared and analyzed according to the methods in Wiggins et al. (2016) , as summarized in the following paragraphs, with the exception of the extraction procedure: The leaf extract was collected in two fractions for analysis: 1) an intermediate polarity fraction containing compounds such as phenolics and saponins, extracted with 50% aqueous acetonitrile, and 2) non-polar compounds such as nonoxygenated terpenes and lipids, extracted with a series of 100% acetonitrile, 100% methanol, and 100% acetone.
Using the net weights of the leaf extract fractions, we conducted a quantitative analysis comparing weights between leaves from the two treatments. These gravimetric comparisons were conducted separately for the two leaf extract fractions. We assessed the normality of the data from each comparison using Shapiro-Wilk tests. The tests indicated that the data did not differ significantly from a normal distribution, and we proceeded with analyses using parametric tests. We performed unpaired, two-tailed Student's ttests for each extract fraction Â leaf age comparison. These analyses were conducting using R © v 3.1.3 (R Core Team, 2015).
The intermediate polarity fraction, containing phenolics and terpenoids, was analyzed via UPLC-MS and MS-MS as in Wiggins et al. (2016) . The nonpolar fraction was analyzed via UPLC-MS and MS-MS at the Metabolomics Core Facility at the University of Utah. The instruments used were an Agilent ® 1290 Infinity LC system (Agilent Technologies, Santa Clara, CA) with an Acquity ® UPLC CSH C18 1.7 mm (2.1 Â 100 mm) column (Waters) and an Agilent 6520 Q-ToF mass spectrometer with dual electrospray ionization sources. Next, we compared relative abundances of putative compounds appearing in the UPLC-MS analyses. In order to identify and then align features present in multiple samples, CDF data files were processed using XCMS and CAMERA (Bioconductor v3.1 (Smith et al., 2006; Tautenhahn et al., 2008; Benton et al., 2010; Kuhl et al., 2012 ) in R v3.1.3 (R Development Core Team, 2015 . The CAMERA tool in this software was used to combine mass spectral features generated by XCMS into putative compounds. The XCMS output was inspected manually to ensure that isotopic peaks and adducts were combined with parent ions as putative compounds, hereafter referred to as "compounds". To test whether secondary metabolite suites segregated by experimental treatment, we used MetaboAnalyst 3.0 (Xia et al., 2015) to perform partial least-squares discriminant analyses (PLS-DA) on the compound tables. XCMS was then used to compare normalized TICs for each compound using unpaired two-tailed Welch t-tests. Compounds exhibiting significant differences between treatments at P < 0.05 were compared to the METLIN database using accurate masses from our MS data, and we accepted matches of 10 ppm mass difference as putative compounds. In conjunction with METLIN searches, we compared our empirical tandem-MS fragmentation spectra with predicted fragmentation spectra from CFM-ID (Competitive Fragmentation Modeling for Metabolite Identification; Allen et al., 2015) to assign putative identifications to features based on matching fragmentation patterns.
For the nonpolar fraction, we used MassHunter (Agilent Technologies) to consolidate features from the raw UPLC-MS output data. After known contaminants were removed from the data, the data were analyzed in R © version 3.1.3 (R Core Team, 2015) . TICs for each feature were compared between ambient air and ozone-free air treatments using unpaired two-tailed Welch t-tests. As with the intermediate polarity fraction, we used METLIN and CFM-ID to search for compounds matching the UPLC-MS features. We accepted putative molecular formulas for features if the match probability was !90% as calculated by MassHunter.
Results
Regional O 3 monitoring
In comparing equivalent strata across sites using passive samplers, BCI exhibited the highest mean 24 h O 3 concentrations in all strata, followed by PNM and SCEFF (Fig. 2) . In the canopy, these means were 21.7 ppb (BCI) and 18.3 ppb (PNM) (Fig. 2) . In tree fall gaps and the grassy clearing, these means were 17.7 ppb (BCI), 12.7 ppb (PNM), and 11.2 ppb (SCEFF) (Fig. 2) . At the forest floor, these means were 15.7 ppb (BCI), 7.3 ppb (PNM), and 7.2 ppb (SCEFF), with the latter two sites not significantly different from one another (Fig. 2) . The passive samplers also indicated that, within all sites, O 3 concentrations were highest at canopy level, intermediate at ground-level in tree fall gaps and the grassy clearing, and lowest at the forest floor under closed canopy (Fig. 2) . The O 3 concentration declined by an average of 24.5% from canopy to tree fall gap and grassy clearing, by 44% from canopy to forest floor, and by 47.4% from tree fall gap and grassy clearing to forest floor (Fig. 2) . The largest declines across strata were found at PNM, followed by SCEFF and BCI (Fig. 2) .
In examining daily patterns in [O 3 ] using the Model 205 UVabsorbance monitor above the canopy at BCI (48 m above the forest floor), we found that [O 3 ] increased during daytime to a midday (13:00e15:00) peak 1.5-to 2-fold above the pre-dawn [O 3 ], subsequently declining steadily until 22:00e24:00 (Fig. S1 ). Also at this location, the inter-seasonal and inter-annual comparisons of O 3 using the Model 205 indicated a trend towards higher daytime means of [O 3 ] and AOT10 in the dry season (Table 1 ). The highest [O 3 ] and AOT10 were observed in the dry season of 2014 (24.4 ppb and 143.7 ppb h) and the lowest in the wet season of 2014 (18.4 ppb and 82.7 ppb h) ( Table 1) .
Open-top chamber experiment
Over the 50 days of experimental growth, seedlings showed only minor differences (P > 0.05) in biomass and leaf area between treatments (Table 2 ). Daytime [O 3 ] in ambient air averaged 17.6 ppb, with a maximum of 29.6 ppb and 50% of measurements falling between 14.7 and 22.5 ppb (Fig. S1 ). Daytime accumulated O 3 exposure above 10 ppb (AOT10, see methods) averaged 70.6 ppb, and AOT20 averaged 6.4 ppb. Ozone concentration in the filtered treatment was below detection limits when spot checked at midday. Thus, [O 3 ] in the filtered treatment was regarded as effectively zero and AOT10 was zero.
For both leaf age classes, the dry weight of the intermediate polarity fractions, which contained secondary metabolites such as phenolics and terpenoids, did not differ significantly across O 3 treatments. However, analysis of these fractions via chromatography and mass spectrometry indicated that the concentrations of ten compounds changed significantly (P < 0.05) and by ! 1.5 fold across treatments for both leaf age classes (Table 3 ; Fig. 3 ). Of the ten O 3 -responsive compounds, five were in fractions from younger leaves and five were in fractions from older leaves, with no compounds overlapping across leaf age classes. All but one of these ten compounds were present at lower concentrations in leaves from the ambient air treatment. PLS-DA also indicated significant clustering (P < 0.05) by treatment based on relative abundances of all compounds within the intermediate polarity fractions of both leaf age classes (Fig. 4) .
The METLIN database yielded matches for nine of the ten O 3 -responsive compounds. For these, eight of the MS 2 spectra predicted by CFM-ID matched one or more diagnostic fragments in our observed MS 2 spectra (Table S1 ). Based on the fragmentation spectra, these eight compounds fell into the following chemical classes: flavonoids (2), flavonoid glycosides (4), lignan glycoside (1), and terpene glycoside (1) ( Table 3) . We were not able to obtain empirical fragmentation spectra for the remaining two compounds. For one of these compounds, the METLIN database yielded no matches, and for the other of these two compounds, matches included compounds in three classes: furanocoumarins, sesquiterpene lactones, and lignans. The gravimetric comparisons of the nonpolar fraction, which contained lipids, indicated no differences across treatments in younger leaves but lower mass in the ambient air treatment in the older leaves (Fig. 5) . The analyses of the older leaves indicated that ten compounds differed in concentration across treatments, all of which exhibited a fold-change of !1.5 (Table 4) . Nine of these were present at lower concentrations in the ambient air treatment. Comparisons of accurate masses to the METLIN database and of MS 2 spectra to the spectra predicted by CFM-ID yielded four matches with diglycerides, one match with a galactolipid, and one match with the molecular formula C 43 H 72 O 10 without a putative structure. No matches were found for the remaining four compounds. 
Discussion
Several studies have documented elevated [O 3 ] directly above or within tropical forests (Matsuda et al., 2006; Rummel et al., 2007; Gerken et al., 2016) . The majority of these studies (Rummel et al., 2007; Gerken et al., 2016) point to biomass burning as the probable cause of this elevated [O 3 ] (Pacifico et al., 2015) . While biomass burning occurs widely in the tropics (Crutzen and Andreae, 1990; Jacob et al., 1996; Fishman et al., 2003; Hietz et al., 2011) , our study indicates that emissions from urban areas and from longrange transport can also be sufficient to generate elevated [O 3 ] in tropical forests. The means of [O 3 ] that we observed in Panama exceeded those from more remote tropical forests by approximately two-to three-fold Kirchhoff et al., 1990; Cros et al., 1992; Andreae et al., 2015) . This is consistent with modeling from satellite data that is indicative of O 3 hotspots around many urban, industrial, and agricultural centers in the tropics (Emmons et al., 2010) . However, the exposure levels we observed (highest daytime mean [O 3 ] ¼ 24.4 ppb; Table 1 ) were well below the 30e40 ppb accumulated exposure threshold above which reductions in growth and photosynthesis are assumed to occur in temperate species (reviewed by Fuhrer et al., 1997; Chappelka and Samuelson, 1998; Musselman et al., 2006; Karnosky et al., 2007; Ainsworth et al., 2012) . Despite being below this presumed critical threshold and showing only limited impact upon short term seedling growth, our results clearly demonstrate the impact of ambient pollution upon secondary leaf chemistry in the pioneer tree species Ficus insipida.
We found that [O 3 ] at the forest floor was 40%e70% of that in the forest canopy and tree fall gaps, at PNM and BCI respectively. The few published studies reporting on the proportion of [O 3 ] that reaches the forest floor varies from 10% to 40% of the canopy-level [O 3 ] Cros et al., 1992; Andreae et al., 2002; Rummel et al., 2007; Karl et al., 2009; Andreae et al., 2015) . The reasons for variability among sites are unclear but likely involve differences in deposition to and uptake by vegetation, which along with rainfall and boundary layer variation are the primary factors determining vertical profiles of [O 3 ] within tropical forests Andreae et al., 2002) . At BCI, the proportion of [O 3 ] that reaches the forest floor is considerably higher than previously recorded in a comparable forest type, possibly due to the sampling location being sufficiently close to the forest edge to be affected by lateral O 3 diffusion. Vegetation in the forest canopy and in tree fall gaps is most likely to be affected by O 3 at the observed concentrations, Table 1 Comparisons of inter-annual and dry-vs. wet-season differences in ozone exposure and concentrations above the canopy at BCI location #3. Values for daytime 10-h accumulated O 3 exposure (AOT, see methods) and O 3 concentration are means ± SE. Season-year combinations not sharing letter suffixes were significantly different (P < 0.05).
Dry 2013
Wet 2013 59.2 ± 3.4 56.6 ± 1.9 Whole seedling Leaf Area (cm À2   ) 92.6 ± 1.12 79.47 ± 10.91
52.0 ± 2.43 50.55 ± 1.94 Table 3 Intermediate polarity compounds exhibiting significant (P < 0.05) differences in concentration and !1.5-fold change across ozone treatments, listed separately for younger and older leaves. A negative fold-change indicates a lower concentration in the ambient vs. the ozone-free treatment. m/z indicates the ratio of the mass of the ion in daltons to the total number of charges. [M -H]-indicates that all of the observed ions were the deprotonated molecule and have a charge of À1. n ¼ 6 plants. , (Pearcy, 1987; Roberts et al., 1990; Zotz and Winter 1996; Poorter and Bongers, 2006) ), while understory vegetation may be minimally exposed due to stomatal conductances that are up to 8-fold lower (70e150 mmol m À2 s À1 , (Pearcy, 1987; Roberts et al., 1990) ) combined with lower [O 3 ]. However, leaves in the canopy and in tree fall gaps may close their stomata mid-day (Zotz et al., 1995) , while [O 3 ] is at its peak, potentially mitigating their uptake of O 3 .
In the open-top chamber experiment, we observed O 3 -associated differences in foliar chemistry that were consistent with effects of chronic O 3 exposure (reviewed by Lindroth, 2010) . The upregulation of a flavanol phenolic compound in older leaves in the ambient air treatment mirrors the trend for foliar phenolics in temperate species (Lindroth, 2010) . The reduced membrane lipid content of older leaves in the ambient air treatment in comparison to their counterparts in the ozone-free treatment (Fig. 5) is consistent with accelerated leaf senescence (Simon, 1974) , a common effect of chronic O 3 exposure. Although we did not measure chlorophyll content, a good measure of senescence, the mass of the nonpolar fraction, containing mainly lipids, decreased by 58% in mature leaves (Fig. 5) . This is similar to the magnitude of lipid loss observed during senescence in other species (Mishra et al., 2006; Yang and Ohlrogge, 2009) .
To the extent that it may be a functional response, the upregulation of phenolics in response to chronic O 3 uptake is thought to increase the total antioxidant capacity within the leaf. Phenolics exhibit free radical scavenging activity in vitro that is comparable to known antioxidant compounds such as a-tocopherol (Krause et al., 2006 (Krause et al., , 2007 , although the necessary enzymatic regeneration process for efficient radical scavenging by phenolics in vivo has yet to be identified. Aglycone phenolics exhibit higher antioxidant activity in vitro than phenolic glycosides (Hopia and Heinonen, 1999) which, if phenolics do function as radical scavengers in vivo, could help explain the simultaneous downregulation of the four flavonoid glycosides with upregulation of the aglycone flavan-3-ol in the ambient air treatment of F. insipida (epicatechin, Table 3 ). Downregulation of phenolic glycosides in response to chronic O 3 exposure has also been observed in aspen (Populus tremuloides Michaux.) (Kopper and Lindroth, 2003) .
As flavonoid glycosides often function in defense against herbivory, their downregulation along with that of the other secondary metabolites we have described could lead to an increase in herbivory rates. An example of this is available from a temperate forest, where an 11% reduction of foliar phenolics in Populus tremuloides exposed to elevated O 3 resulted in a 12e15% decrease in larval development time and 31% increase in pupal mass for the lepidopteran herbivore Malacosoma disstria (Kopper and Lindroth, 2003) . Thus, one important ecological effect of O 3 in tropical systems could be changes in herbivore performance in the context of altered plant secondary metabolite content.
In the ambient air treatment of our open-top chamber experiment, membrane lipid and secondary metabolite concentrations exhibited effects of O 3 exposure though no negative effects on whole-plant biomass accumulation were evident. This suggests that, for the limited time window used in our experiment, leaf senescence and secondary metabolite content may be affected at lower levels of O 3 uptake than is growth. Experiments previously conducted to determine the chronic response of plants to accumulated exposure of O 3 have used inhibition of growth and/or photosynthesis as the metric of response, and significant inhibition was found to occur with accumulated exposure over thresholds of 30 or 40 ppb (AOT30 or AOT40) (reviewed by Fuhrer et al., 1997; Skarby et al., 1998; Karlsson et al., 2004) . Neither exposureresponse nor uptake-response relationships between O 3 and secondary metabolite synthesis have been experimentally determined for any plant. It is also recognized that accumulated exposure to O 3 represents a somewhat arbitrary threshold; other approaches take into account stomatal conductance and estimated O 3 flux into the leaf (Ashmore, 2005; Mills et al., 2011b; Anav et al., 2016) .
Evaluating the dose-response relationship for O 3 and secondary metabolite synthesis in tropical as well as temperate plants will be a crucial step towards understanding the ecological effects of O 3 beyond its effects on plant productivity. In particular, the higher solar load and potentially higher leaf temperatures of canopy leaves may result in very different sensitivities of tropical plants. Further, identifying stomatal flux-based relationships between O 3 and carbon assimilation and allocation in tropical species will provide insight into the potential current and future impacts of O 3 on tropical productivity. Although ambient ozone did not decrease growth in our experiment, the duration of the experiment may not have been sufficient to assess an effect on growth. With the Fig. 3 . "Volcano" plots of inter-treatment differences in concentration of compounds in intermediate polarity fraction of (upper panel) younger leaves and (lower panel) older leaves. Each point represents one compound. Compounds exhibiting fold-change ! 1.5 and statistical significance at P < 0.05 are denoted by larger, lightly shaded symbols with dark margins. The Y axis is displayed on a log 10 scale and the X axis is displayed on an ln scale. n ¼ 6 plants.
prospect of large future increases in population in tropical countries, expanding urbanization (Harding et al., 2014) , and thus increases in NO x emissions, together with land cover changes promoting fast growing, high VOC emitting species, e.g. for biofuels (Hewitt et al., 2009) , tropical countries face deterioration in air quality. Thus, tropical plant species that exhibit no response or a low-level response to current ambient concentrations of O 3 may be subjected to exposure levels at which carbon assimilation and allocation are impeded. In addition, identifying the occurrence and extent of ozone-induced leaf senescence across a range of tropical tree species will further elucidate the ramifications of elevated [O 3 ] for tropical forest primary productivity and carbon cycling.
Given that stomatal conductances of tropical trees vary up to 8-fold when the effects of canopy vs. understory and species are combined and up to 4-fold within a stratum (Pearcy, 1987; Roberts et al., 1990; Zotz and Winter 1996; Poorter and Bongers, 2006) , the sensitivity of tropical trees will likely differ greatly across species if the correlation between stomatal conductance and sensitivity to O 3 exposure that has been established for temperate trees (Mills et al., 2011a,b; Büker et al., 2015) holds for tropical trees. Thus, it will be important to evaluate the O 3 sensitivity of tropical species representing the full spectrum of stomatal conductances. This will also contribute to an understanding of the ecological effects of O 3 pollution in tropical systems. As the community structure of tropical forests is thought to be tightly intertwined with plantepest interactions (Coley and Barone, 1996; Coley and Kursar, 2014; Forister et al., 2015; Becerra, 2015) elucidating the extent to which O 3 exposure effects on secondary metabolite synthesis differ among co-occurring plant species will be critical to evaluating and mitigating the effects of O 3 pollution on tropical forests. Error bars indicate ± 1 SEM. Unshared letters above bars indicate significant differences at P < 0.05. n ¼ 6 plants.
Table 4
Putative compounds from UPLC-MS analysis of the combined nonpolar fraction (100% MeOH and 100% ACN) which exhibited significant (P < 0.05), !1.5-fold changes in concentration between treatments in older leaves. The tentative molecular formulas here reported were assigned based on <10 ppm matches in the METLIN metabolite database and subsequent >90% probability matches in MassHunter software. Putative compounds for which this process did not yield matches are labeled "n/a". A negative fold-change indicates a lower concentration in the ambient vs. the ozone-free treatment. m/z indicates the ratio of the mass of the ion in daltons to the total number of charges. [MþH] þ indicates that all of the observed ions were the protonated molecule and have a charge of þ1. n ¼ 6 plants. n/a n/a 953.580 0.009 À2.13 n/a n/a
